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ABSTRACT

The bacterial antibiotic resistome (BAR) is one of the most serious contemporary medical challenges.
The BAR problem in drinking water is receiving growing attention. In this study, we focused on the
distribution, changes, and health risks of the BAR throughout the drinking water treatment system. We
extracted the antibiotic resistance gene (ARG) data from recent publications and analyzed ARG
profiles based on diversity, absolute abundance, and relative abundance. The absolute abundance of
ARG was found to decrease with water treatment processes and was positively correlated with the
abundance of 16S rRNA (r2 =0.963, p < 0.001), indicating that the reduction of ARG concentration
was accompanied by decreasing biomass. Among treatment processes, biofiltration and chlorination
were discovered to play important roles in shaping the bacterial antibiotic resistome. Chlorination
exhibited positive effects in controlling the diversity of ARG, while biofiltration, especially granular
activated carbon filtration, increased the diversity of ARG. Both biofiltration and chlorination altered
the structure of the resistome by affecting relative ARG abundance. In addition, we analyzed the
mechanism behind the impact of biofiltration and chlorination on the bacterial antibiotic resistome. By
intercepting influent ARG-carrying bacteria, biofilters can enrich various ARGs and maintain ARGs in
biofilm. Chlorination further selects bacteria co-resistant to chlorine and antibiotics. Finally, we
proposed the BAR health risks caused by biofiltration and chlorination in water treatment. To reduce
potential BAR risk in drinking water, membrane filtration technology and water boiling are
recommended at the point of use.
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1 Introduction

The extensive use of antibiotics has resulted in a world-

Special Issue—Environmental Antibiotics and Antibiotic Resistance wide BAR problem, which poses a serious threat to human
(Responsible Editors: Xin Yu, Hui Li & Virender K. Sharma) health. In recent years, ARB as well as ARGs have been
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defined as emerging contaminants. More studies are
focusing on environmental ARB and ARGs, among
which BAR problems in drinking water are particularly
worthy of attention due to their direct impact on people’s
daily lives (Farkas et al., 2013; Narciso-da-Rocha et al.,
2013). For example, the detection of the NDM-1 gene in
tap water in New Delhi, India in 2010 (Walsh et al., 2011)
and the occurrence of Escherichia coli carrying the
extended-spectrum B-lactamase (ESBL) gene in tap water
in France in 2016 (Madec et al., 2016) have sounded the
alarm for the biosafety of drinking water.

In drinking water treatment plants (DWTPs), biofiltra-
tion, including sand filtration and carbon filtration, is often
a direct source of disinfection pressure due to ubiquitous
microbial leakage problems. Recent studies have found
that ARB and ARGs persist in the biofilms of drinking
water biofilters (Tawfik El-Zanfaly et al., 1998;Bai et al.,
2015) and may leak along with the filter effluent.
Moreover, microbial leakage from the biofilter determines
the bacterial community structure in the drinking water
distribution system (DWDS, Pinto et al., 2012), and it may
further shape the antibiotic resistome in pipeline biofilm
(Jia et al., 2015). These studies indicate that biofilters pose
significant biosafety risks and may play a key role in the
BAR problem in drinking water.

Before entering the distribution pipeline system and then
the point of use (POU), most drinking water is disinfected
in drinking water treatment plants (DWTPs). Disinfection
will kill/inactivate most bacteria, and removal efficiencies
of several logs can usually be reached using chlorination/
chloramination, ozonation, ultraviolet (UV) treatment, and
other methods. Laboratory experiments have revealed,
however, that intracellular ARGs present lower damage
rates in disinfection compared to the inactivation rates of
bacterial cells (McKinney and Pruden, 2012; Yoon et al.,
2017), and disinfection techniques such as chlorination
may actually result in the enrichment of ARGs in
disinfected water (Murray et al., 1984). In recent years,
in-depth research on disinfection has found that chlorine
and UV light cannot kill bacteria completely, but induce
bacterial cells into a viable but nonculturable (VBNC) state
(Zhang et al., 2015; Chen et al., 2018). The above studies
indicate that disinfected water from DWTPs may not only
serve as the ARG pool for pipeline biofilm, but they also
discharge active ARB into tap water.

Based on the above, biofiltration is, in fact, both a sink
and a source of ARB and ARGs. Disinfection can greatly
affect the overall microbial community and ARB/ARG
diversity. Until now, however, no comprehensive review
has been conducted on the distribution and fate of ARGs
throughout the drinking water treatment process. In this
review, we first collated the occurrence and distribution of
ARB/ARGS during water treatment and then assessed the
roles of biofiltration and chlorination in shaping
the bacterial antibiotic resistome. Our objectives were to:
(1) profile the bacterial antibiotic resistome in different

drinking water treatment processes by meta-analyzing the
published data on absolute abundance, relative abundance,
and diversity of ARGs; (2) identify the contributions of key
biofiltration and disinfection treatment units on the bacterial
antibiotic resistome and their influence on ARB and ARGs;
and (3) assess the microbial health risk of the BAR caused
by biofiltration and disinfection of drinking water.

2 Data collection and meta-analysis

To survey the BAR problem in water treatment, we used
Google Scholar to retrieve publications. The search terms
included “antibiotic resistant bacteria” AND/OR “anti-
biotic resistance genes” AND/OR “drinking water treat-
ment” AND/OR “potable water treatment.” The database
was searched for studies published from 1990 to 2018. A
total of 1,890 publications were found. Publications were
then checked individually to eliminate any duplicates or
irrelevant articles. Relevant articles focusing on screened
strains in drinking water treatment were also discarded
considering the difference of BAR profile between the
screened colonies and the whole bacterial community.
Finally, 17 publications reporting BAR in drinking water
treatment were selected (Table S1). The data in relevant
publications were extracted for further analysis using Plot
Digitizer software (plotdigitizer.sourceforge.net).

Technically, ARG detection is usually based on different
molecular methods: quantitative PCR (qPCR), high-
throughput quantitative PCR (HT-qPCR), and high-
throughput sequencing (HTS). qPCR is used to quantify
the content of certain ARGs, but has a low flux. Therefore,
it is rarely used for broad-spectrum scans of ARGs at the
resistome level. HT-qPCR improves the throughput and
reduces the experimental cost compared with gPCR. By
designing appropriate primers, HT-qPCR is capable of
detecting the ARGs of the entire antibiotic resistome in a
single experiment. The combined use of HTS and
bioinformatics analysis can also achieve the goal of
scanning the bacterial antibiotic resistome. In this study,
the data obtained using gPCR were used to profile ARGs at
the genetic level, while the data obtained using HT-qPCR
and HTS were utilized to profile ARGs at the resistome
level.

3 Distribution of ARGs in DWTPs

To identify the ARG profiles in different treatment
processes, data were collected and analyzed from 3
perspectives: the diversity of ARGs (i.e., the richness of
ARGs, the Shannon index of ARGs, and the Simpson
index of ARGs), the absolute abundance of ARGs (gene
copies of ARGs per unit water volume), and the relative
abundance of ARGs (proportion of normalized ARG
copies to 16S rRNA gene copies).
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3.1 Diversity of ARG

Data of ARG diversity from one study using HTS in
conventional water treatment processes (Jia et al., 2015)
and two studies using HT-qPCR in advanced water
treatment processes (Xu et al., 2016; Zheng et al., 2018)
were extracted (Fig. 1). The results of HTS revealed that
sedimentation and chlorination can effectively reduce
ARG diversity, while sand filtration leads to an increase
in ARG diversity. However, in other study utilizing HT-
gPCR, result revealed that sedimentation and sand
filtration exhibit little effect on the diversity of ARG,
while the richness of ARG decreased from 70 to 67 after
sedimentation and from 67 to 65 after sand filtration. In the
two studies using HT-qPCR, no significant difference
(»>0.05) was found between ARG richness in treatment
processes, and the variation trend of ARG richness in water
treatment process was consistent, and there was no
significant difference (p>0.05) between the two groups
of data. It is worth noting that GAC filtration resulted in a
significant increase in ARG diversity (paired-z-test,
p <0.05), and the results of 2 publications showed that
ARG richness increased from 76 to 150 and from 80 to 160
after GAC filtration.
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Fig. 1 The diversity of ARGs in different DWTPs.

3.2 Absolute abundance of ARG

Data based on qPCR and HT-qPCR methods were
extracted from four studies (Xu et al., 2016; Zhang et al.,
2016; Su et al., 2018; Zheng et al., 2018) to indicate the
change of absolute ARG abundance in drinking water
treatment. From source water to disinfected water, ARGs
decreased in absolute abundance along the water treatment
processes (Figs. 2(a) and 3(a)), similar results were also
found in other studies (Bergeron et al., 2015; Bergeron et
al., 2017; Hu et al., 2018; Lu et al., 2018). For all of the
detected ARGs, sand filtration contributed the highest

proportion of ARG removal (97%), followed by sedimen-
tation (70.9%), chlorination (68.8%), and ozonation +
GAC (58.3%) (Fig. 2(b)). At the resistome level, three
DWTPs exhibited significant different structure (ANOVA,
p <0.05) in the absolute abundance of ARG in source
water, however, the attenuation trend of ARGs was
consistent along treatment process among studies. In
addition, the ARG abundance was found to be correlated
with the 16S rRNA gene abundance significantly and
positively (p <0.001; Fig. 3(b)), suggesting that ARG
removal at the resistome level was combined with the
reduction of bacterial biomass in water treatment. It is well
known that bacteria can be effectively removed by
sedimentation (Bustamante et al., 2001), sand filtration
(Bomo et al.,, 2004; D’Alessio et al., 2015), and
chlorination (Ma and Bibby, 2017), while microbial
leakage leads to the high bacterial cell concentrations
found in the effluent of GAC filters (Korotta-Gamage and
Sathasivan, 2017). As a result, it is reasonable that the
processes of sedimentation, sand filtration, and chlorina-
tion can remove ARGs effectively, while carbon filtration
cannot.

3.3 Relative abundance of ARGs

The qPCR results suggested that 50% of the detected
ARGs increased in relative abundance with treatment
processes, while the other 50% decreased (Fig. 4). It is
worth noting that the enriched ARGs exhibited a
significant increase in amplification after either GAC
filtration or chlorination. At the resistome level, the HT-
qPCR results suggested that coagulation 4+ sedimentation,
sand filtration, and ozonation demonstrated little influence
on the relative abundance of ARG, while GAC filtration
and chlorination not only increased ARG abundance
significantly (paired-z-test, p < 0.05) but also changed the
structure of the antibiotic resistome (Fig. 5). Similar results
showing that sand filtration slightly changes the relative
abundance of ARG at the resistome level were also found
by other studies using HTS (Fig. 6, drinking water
treatment; Christgen et al., 2015; Jia et al., 2015).

4 Impact of biofiltration and disinfection on
the occurrence of ARGs and ARB

4.1 Impact of biofiltration on the occurrence of ARGs and
ARB

The impacts of sand filtration on ARG diversity vary
among different studies (Fig. 1). The results of qPCR
suggest that sand filtration effectively reduces the absolute
abundance of ARGs (Fig. 2), with 97% of the detected
ARGs decreasing in absolute abundance, a higher propor-
tion than either sedimentation (70.9%), ozonation + GAC
(58.3%), or chlorination (68.8%). At the resistome level,
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Fig. 2 The impact of treatment processes on the absolute abundance of ARG based on qPCR. (a) Distribution of ARG (copies/L) in
different drinking water treatment processes, the detail data are listed in Table S2; (b) Log removal of ARG by different treatment
processes, the detail data are listed in Table S3.
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Fig. 3 The impact of treatment processes on the absolute abundance of ARG based on HT-qPCR. (a) Distribution in absolute abundance
of each type of ARG. MLSB represents macrolide lincosamide-streptogramin B resistance genes, FCA represents fluoroquinolone,
quinolone, florfenicol, chloramphenicol, and amphenicol resistance genes; (b) Correlation between the absolute abundance of ARG and

16S rRNA, the detail data are listed in Table S4.

the relative abundance of ARGs changed slightly but the
antibiotic resistome structure shifted after sand filtration
(Figs. 5 and 6). As mentioned earlier in this manuscript
(Section 3), ARG removal is accompanied by the reduction
of biomass. In DWTPs, sand filtration possesses the
efficacy to remove microorganisms (Devi et al., 2008),
which may further result in the reduction of absolute ARG
abundance. However, the detachment of the filter biofilm
releases the bacterial cells into the filter effluent. Since the
filter biofilm has a different bacterial community structure

than the filter influent, the finding that the antibiotic
resistome and ARG diversity changed after sand filtration
is reasonable.

Based on the results of Section 3, GAC filtration
exhibited weaker effects on ARG removal than sand
filtration. After the ozonation + GAC treatment, either the
richness or the relative abundance of ARG increased,
accompanied by changes in the antibiotic resistome
(Fig. 5). Ozonation could improve the biodegradability
of the organic matter in the water by breaking macro-
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Fig. 4 Fold changes in relative abundance of ARGs after treated
with different processes compared to the source water. The data are
obtained by using HT-qPCR and is listed in Table S5.

molecular organic matter into lower-molecular matter
(Narkis and Schneider-Rotel, 1980; Legube et al., 1981),
which will be utilized by GAC filter biofilm. Various
studies have shown that GAC filters harbor a large biomass
of highly diverse bacteria (Weber et al., 1978; Brewer and
Carmichael, 1979; Li et al.,, 2017; Zhu et al., 2019),
making it possible to maintain diverse ARGs in biofilm
(Fig. 5(b)). In addition, due to the prevalence of microbial
leakage in carbon filtration processes (Han et al., 2013; Liu
et al., 2016(b)), the shedding biofilm and the embedded
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ARB/ARGsS are further input into downstream processes,
thus posing health risks.

4.2
ARB

Impact of disinfection on the occurrence of ARGs and

Chlorination can significantly reduce the diversity and
richness of ARGs (Fig. 3). Results of HTS indicated that
the Shannon index decreased from 3.0 to 2.6 while the
Simpson index decreased from 13 to 8. Results of HT-
qPCR revealed that the richness decreased from 150 to
120 and from 160 to 120 in two DWTPs. According to
Fig. 2(b), 68.8% of the ARGs decreased in absolute
abundance after chlorination, with 18.8% of the detected
ARGs decreasing by more than 2 logs, a proportion that
exceeded that of sedimentation (1.4%), sand filtration
(10.1%), and ozonation + GAC (10.4%). Overall, these
results indicated that chlorination exhibits a positive effect
in the reduction of ARG diversity and absolute abundance.
However, chlorination has a limited impact on controlling
the relative abundance of ARGs. Instead, significant
increases in relative ARG abundance, from 0.09 to 0.2,
0.13 to 0.3, and 38 to 94.31 ppm, were found after
chlorination in different studies based on HT-qPCR and
HTS (Figs. 5 and 6), and qPCR results revealed that the
enrichment of some types of ARGs may lead to increasing
ARG abundance at the resistome level (Xi et al., 2009; Guo
et al., 2014; Zhang et al., 2016; Su et al., 2018). These
results further suggest that a portion of the ARGs as well as
their carriers were enriched by chlorination. Previous
research has proven that chlorination has a strong effect in
shaping the structure of the bacterial community (Shi et al.,
2013). After chlorination, the surviving bacteria are more
resistant to chlorine (Murray et al., 1984) and the
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Fig. 5 The impact of treatment processes on the relative abundance of ARG at resistome level. b. “SW,” “SFW,” “OW,” “BFW,” “EW”
and “BAC” represent source water, sand filtered water, ozone water, BAC filtered water, effluent and biofilm on GAC filter, respectively.
Data of (a) was extracted from Xu et al. (2016); (b) was adapted from Zheng et al. (2018) with permission from author.
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proportion of bacteria co-resistant to both chlorine and
antibiotics increases (Xu et al., 2016).

5 BAR risk caused by biofiltration and
disinfection

5.1 Enrichment of ARGs and ARB by biofiltration

Bacterial communities in source water are usually
associated with diverse and varying structures, which
may carry different kinds of ARGs. The occurrence and
diversity of ARGs in surface water have been reviewed
(Yang et al., 2018). In DWTPs, most source water bacteria
will be trapped and removed during filtration (Bomo et al.,
2004; Hijnen et al., 2010), while ARGs as well as their
carriers may attach to the filter biofilm. To obtain the
resources (nutrients, space) necessary for survival, the
trapped bacteria will compete with the indigenous bacteria
(Zhang et al., 2011). During this process, the ARG-
carrying bacteria, either derived from influent or the
indigenous biofilm, may persist and become further
enriched in the biofilter (Li et al., 2018).

5.2 Characteristics of filter biofilm maintain ARB and
ARGs

Bacterial antibiotic resistance can be recognized as the

increase of the minimum inhibitory concentration value of
an antibiotic caused by genetic changes in bacteria that
may be attributed to either mutation or horizontal gene
transfer (HGT). By contrast, bacterial antibiotic tolerance
is the ability to resist antibiotics due to reversible
phenotypic changes such as transient, dormant, and non-
dividing states (Mah, 2012). In drinking water biofilters,
both bacterial resistance and tolerance exist. In addition,
biofilms composed of bacterial cells and extracellular
polymeric substances (EPS) are tolerant to antibiotics as a
whole and protect the bacteria within them.

5.2.1 Antibiotic tolerance in filter biofilm

Protection of the matrix. The biofilm matrix is mainly
composed of proteins, extracellular polysaccharides,
lipids, and DNA. One of the functions of biofilm is to
physically prevent the penetration of antibiotics (Walters et
al., 2003; Chiang et al., 2013). Another function is to play
the role of the digestive system in the binding and
consuming of antibiotics. The extent of such functions may
be affected by antibiotic type, as well as the age and
heterogeneity of the biofilm. Several studies have shown
that biofilm polysaccharides play the active role in
protecting bacterial cells from antibiotics (Bagge et al.,
2004; Van Acker et al., 2014). Additionally, it is worth
noting that bacterial cells within biofilm present higher
tolerance to antimicrobial agents, including antibiotics
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such as tobramycin and their planktonic counterparts
(Hoyle and Costerton, 1991; Hill et al., 2005; Tabak et al.,
2007). Such bacterial tolerance within biofilm is reported
to be caused by low metabolic activity (Brown et al.,
1988), the scarcity of nutrients (Bernier et al., 2013), and
oxygen (Borriello et al., 2004).

5.2.2 Filter biofilm promotes mutations and HGT

Due to the stress caused by the scarcity of nutrients,
oxygen, and the accumulation of extracellular metabolites,
antibiotics in biofilm may increase the intracellular reactive
oxygen species (ROS) (Sakai et al., 2006), which will
damage DNA and may further promote mutations (Fried-
berg et al., 2005). It was reported that P. aeruginosa grown
in a biofilm state showed a 105-fold increase in mutability
compared to that in planktonic cells (Driffield et al., 2008).
Conibear et al. found that microcolony-based growth also
promoted the mutagenicity of P. aeruginosa cells more
than 100-fold (Conibear et al., 2009). In addition, biofilm
is the ideal environment for HGT, given its stable physical
structure, which is conducive for cell-cell contact and the
persistence of extracellular DNA (reviewed in Molin and
Tolker-Nielsen, 2003 and Madsen et al., 2012). It has been
reported that gene transfer either by plasmid conjugation or
DNA transformation occurs frequently and effectively in
natural and bioreactor/laboratory-based biofilm (Beaudoin
et al., 1998; Normander et al., 1998; Geisenberger et al.,
1999; Roberts et al., 1999). In drinking water biofilters, the
intercepted mobile genetic elements and their resident
ARGs are likely to persist or even spread in the filter
biofilm.

5.3 Microenvironments improve the fitness of ARB in filter
biofilm

The BAR is often associated with reduced bacterial fitness.
It is speculated that the expression of ARGs consumes
extra energy or engenders bacterial structural and func-
tional modifications, and the resistant bacteria would be
overcome by their susceptible counterparts as the dosage
of antibiotic decreases (Levin et al., 1997). The fitness of
ARB is closely related to their survival environment and is
affected by various environmental factors (Andersson and
Hughes, 2010). In drinking water biofilters, the factors that
may affect the fitness of ARB are listed as follows.

5.3.1 Antibiotics

Antibiotics are the primary factor affecting ARB fitness.
When the environmental antibiotic level is above the
minimal inhibitory concentration (MIC), sensitive bacteria
cannot survive while resistant bacteria will bloom with low
competitive pressure. At the sub-MIC level, although it is
difficult for antibiotics to select ARB directly, there is in

theory a minimum selective concentration (MSC) of
antibiotics for ARB to out-compete their susceptible
counterparts, which are limited in growth rate in the
presence of antibiotics (Baquero et al., 2008; Negri et al.,
2000). Such a theory was proved by laboratory experi-
ments demonstrating that resistant mutants of S. typhimur-
ium (streptomycin) and E. coli (ciprofloxacin) could be
enriched in batch cultures by competing with their isogenic
wild type strains at the sub-MIC antibiotic level (1/4 MIC
for S. typhimurium and 1/10 MIC for E. coli) (Gullberg et
al., 2011; Liu et al., 2011). It is worth noting that sub-MIC
selection is concentration-limited and often takes an
extended period of time. Andersson et al. summarized
the lowest MSC (1/230 MIC), which was found in the
clinical isolates of fluoroquinolone-resistant E. coli
(Andersson and Hughes, 2012).

5.3.2 Heavy metals

Bacterial metal resistance and antibiotic resistance can be
genetically (co-resistance) and physiologically (cross-
resistance) linked (Seiler and Berendonk, 2012); such
linkages make it possible for heavy metals to co-select
ARB (Icgen and Yilmaz, 2014). This metal-driven co-
selection has been found in mercury (Hg), cadmium (Cd),
copper (Cu), zinc (Zn), etc. (Summers et al., 1993; Ghosh
et al., 2000; Hasman and Aarestrup, 2002; Dean et al.,
2007), and is affected by the concentration of metal and
species of bacteria (Nies, 2000; Akinbowale et al., 2007,
Abskharon et al., 2008). It is worth noting that environ-
mental conditions can affect the bioavailability of heavy
metals by influencing their valence, further affecting the
co-selection of ARB (Seiler and Berendonk, 2012).
Although many studies have focused on the co-selection
of ARB driven by heavy metals, to date, the MSC of such
co-selection has rarely been studied systematically.

5.3.3 Organic carbon

In addition to selective pressures, typical environmental
factors, such as organic carbon, can also influence the
fitness of ARB by affecting the relative generation time/
growth rate between ARB and their susceptible counter-
parts (Andersson and Hughes, 2010). Bench experiments
have revealed that streptomycin-resistant strains induced
by rpsL mutation grow faster than wild types in media with
poorer carbon sources (Paulander et al., 2009). Lin et al.
further found that oligotrophic conditions lead to the
reduction in fitness cost of rifampin-resistant strains and
facilitate the persistence of rifampin resistance (Lin et al.,
2018). The above results are based on competition
experiments of selected strains at the community level. A
recent study on pilot sand filters found that poorer organic
carbon concentrations result in greater diversity and
relative abundance of ARGs in biofilm, indicating that an
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oligotrophic environment facilitates the persistence of
ARGs in drinking water biofilters (Wan et al., 2019).

The source water used for drinking water treatment is
usually clean surface water or groundwater, which makes
selective pressures such as antibiotics extremely low (ppt
or ppb levels), and frequently not even detectable (Ye et al.,
2007; Benotti et al., 2009; Simazaki et al., 2015; Liu et al.,
2016a). Such low selective pressures make ARB selection
scarcely possible during water treatment. One overlooked
fact is that drinking water is typically an oligotrophic
environment, and the low nutritional conditions will
reduce the fitness cost of the BAR, which is conducive
to the maintenance of ARB/ARGs and makes it possible
for the ARB/ARGs intercepted by drinking water biofilters
to persist. Heavy metals may also contribute to the
persistence of the BAR in drinking water biofilters, a
hypothesis supported by a previous study that detected
bacteria co-resistant to copper and antibiotics in filter
biofilm (Zhang et al., 2018b). However, the selective
concentration of different heavy metals remains unclear in
drinking water treatment.

5.4 The limitations of disinfection when faced with the
BAR problem

As a post-filtration process, chlorination is subject to BAR
pressure caused by the microbial leakage of biofilters.
Although chlorination enhances the reduction of the
absolute abundance and diversity of ARGs, this treatment
still has limitations when dealing with ARB and ARGs.

5.4.1 Chlorination selects ARB

The bacterial community structure and interspecies
relationships will determine the effects of chlorine
disinfection, and the shifted bacterial community may
subsequently result in the alteration of the antibiotic
resistome (Berry et al., 2006; Wang et al., 2018). Many
studies have found that chlorination exhibits a positive
effect on the removal of ARB/ARGs, but ARGs as well as
ARB can be enriched after chlorination (Armstrong et al.,
1982; Rusin and Gerba, 2001; Huang et al., 2011). Such
results are likely due to the selection of co-resistant
bacteria to both antibiotics and chlorine during chlorina-
tion (Chapman, 2003; Chao et al., 2013; Khan et al., 2016;
Garner et al., 2018). It has been reported that extracellular
stress can facilitate the replication of bacterial intracellular
plasmids (Wegrzyn and Wegrzyn, 2002). During water
disinfection, the stress of extracellular chlorine might also
increase the copies of ARG-carrying plasmids in the
bacterial cells.

5.4.2 Low chlorine doses may promote HGT of ARGs

Guo et al. found that the frequency of conjugation in

antibiotic-resistant E. coli strains was significantly pro-
moted 2 to 5—fold after chlorination (Guo et al., 2015),
which was likely due to the increasing pilus or pores on the
bacterial cells that were treated with chlorine. As an
oxidant, chlorine can damage the cell membranes of
bacteria, leading to the release of ARGs. In wastewater
treatment, chlorination was found to increase both the
concentration and the abundance of extracellular ARGs
(eARGs) (Zhang et al., 2018c; Liu et al., 2018). A previous
study proved that environmental plasmid-borne eARGs
could persist for a long period of time and have the
potential to spread to bacterial cells via transformation
(Mao et al., 2014). Overall, the above studies highlight the
risk of chlorine-induced HGT of ARGs, which is likely to
be present in drinking water disinfection.

5.4.3 Chlorination induces ARB into a VBNC state

Recent studies have found that disinfectants such as UV
light, chlorine, and monochloramine can induce bacterial
cells, including ARB cells, into a VBNC state (Turetgen,
2008; Liu et al., 2009; Zhang et al., 2015). Experiments on
E. coli revealed that the culturable cells decreased from 10°
to 0 per mL in chlorination at doses of 5-240 (mg x min)/
L, while the viable cells remained at approximately 10°—
103/mL (Chen et al., 2018). Although such VBNC-state
bacterial cells seldom proliferate, they retain metabolic
activity, potential virulence, and cellular integrity, and
exhibit greater antibiotic tolerance than their culturable
counterparts (Steinert et al., 1997; Lin et al., 2017). It is
worth noting that VBNC-state bacterial cells have the
potential to resuscitate their proliferative ability as
environmental conditions change (Steinert et al., 1997,
Du et al., 2008). Such resuscitation will pose health risks
when these bacterial cells arrive at the POU and are
consumed by humans (Zhang et al., 2018a).

6 Conclusions: Filtration and disinfection
play key roles in the drinking water BAR
problem

From source water to disinfected water, ARG concentra-
tions decrease with the reduction of biomass. Meanwhile,
the profile of the bacterial antibiotic resistome changes
during water treatment. In this process, biofiltration and
chlorination play key roles. Biofiltration enriches the
influent ARB and ARGs and maintains the BAR in
biofilm, which provides ARG pools for the DWDS, while
chlorination exhibits a selective effect on ARB and ARGs
before entering the DWDS.

Biofiltration intercepts most influent bacteria, including
ARG-carrying bacteria. The competition between the
intercepted bacteria and the indigenous bacteria determines
the bacterial community structure of the filter biofilm and
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shapes the antibiotic resistome. The detachment of filter
biofilm exports ARB and ARGs downstream. Compared to
the biofilter influent, the effluent ARGs may either increase
or decrease in absolute abundance, but they present
differences in species, diversity, and relative abundance.
Chlorination further selects ARB and ARGs and feeds
them into the water distribution pipeline. The combination
of biofiltration and chlorination may output ARB and
ARGs that either: (1) directly reach the POU and cause a
biosafety risk or (2) seed on the pipeline biofilm, thereby
affecting its bacterial community structure and antibiotic
resistome, and ultimately affecting tap water. To prevent
the biosafety risks caused by drinking water BAR,
membrane filtration such as ultrafiltration applied at the
POU is recommended. Another simple method is to boil
the tap water in order to inactivate the bacterial cells before
drinking.
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